INTRODUCTION
Observable associations of pulsars with supernova remnants (SNRs) remain rare. Among over 700 pulsars discovered so far, no more than 15 have been shown to be members of such associations (Gaensler & Johnston 1995a) . Several factors conspire to make a detection of pulsars within the boundaries of their parent remnants difficult. SNRs disperse into the interstellar medium on timescales that are short compared to pulsar lifetimes (Braun, Goss, & Lyne 1989) . Newborn or adolescent pulsars may be too faint to be easily detectable against the intense background noise of the associated remnants (Stollman 1987; Lorimer et al. 1993) , and their beamed emission may be missing the observer. In addition, as the result of asymmetric supernova explosions, pulsars may acquire large spatial velocities and be ejected from their birthplaces (Lyne & Lorimer 1994) .
A successful establishment of the physical relationship between a pulsar and an SNR usually requires either a targeted search within the remnant's boundaries (Wolszczan, Cordes, & Dewey 1991) or deep continuum mapping around a young pulsar to reveal the emission structures of the associated remnant (Frail, Goss, & Whiteoak 1994) . Until recently, large, old remnants have not been considered desirable targets for such searches (Gaensler & Johnston 1995b) .
In 1994 March, our undirected pulsar survey with the 305 m Arecibo radio telescope (Foster et al. 1995 ) mapped a 1Њ strip through the interior of a large SNR, S147 (G180.0Ϫ1.7), located at the Galactic anticenter. S147 has a diameter of 13Њ and is one of the oldest Galactic remnants to have maintained a well-defined structure (van den Bergh, Marscher, & Terzian 1973; Green 1988) . The survey detected a 143 ms pulsar, whose location within S147, distance, and age suggest a physical relationship between the pulsar and the remnant.
In this Letter, we describe the discovery and timing observations of the new pulsar, PSR J0538ϩ2817, and we present the evidence for its association with S147.
DISCOVERY OBSERVATIONS
The untargeted pulsar survey that discovered PSR J0538ϩ2817 was part of our long-term effort to detect pulsars with the 305 m Arecibo radio telescope. The search has been described in detail by Foster et al. (1995) . Briefly, it was carried out at 430 MHz, using the telescope as a transit instrument. The output signal from a 2 ϫ 32 ϫ 250 kHz filterbank spectrometer was detected in two opposite senses of circular polarization and smoothed with a 330 s time constant. The two polarization channels were summed, 3 bitsampled at 250 s intervals, and recorded to magnetic tape. With the 10Ј beamwidth of the telescope operating in the transit mode, a practical integration time per beam was 32.768 s (131,072 samples per channel), yielding a 11 mJy sensitivity for a wide range of pulse periods and dispersion measures. Data analysis was distributed among several computers, using appropriate implementations of the standard pulsar search algorithm.
Our survey scanned the interior of the SNR S147 on 1994 March 4 -11 as part of the scheduled undirected observations and covered 180% of the northwestern half of the remnant, defined by its approximately circular boundary 3Њ in diameter (Fig. 1) . A 143 ms periodicity was clearly detected in two adjacent observations made on March 4 and 5 at positions separated by 10Ј in declination 10$5 west of the center of S147. Further 430 MHz observations made on 1994 April 4 at Arecibo have confirmed the discovery of a pulsar at the indicated position, well inside the remnant (Fig. 1) . Preliminary reports on the new pulsar, PSR J0538ϩ2817, have been presented by Anderson et al. (1994) and Foster et al. (1995) . Subsequently, this pulsar was also detected at 1400 MHz with the 100 m Effelsberg telescope, and in addition to its radio detection, it has been found in the ROSAT All-Sky Survey data in the 0.08 -2.0 and 0.5-2.0 keV bands (Sun et al. 1995) .
PULSE TIMING MEASUREMENTS AND ANALYSIS
Beginning in 1994 April, timing observations of PSR J0538ϩ2817 were conducted to establish its rotational and astrometric parameters and to investigate the obvious possibility of the pulsar's association with S147. At Arecibo, the ongoing activities related to the telescope's upgrade restricted the feed and receiver availability to the 430 MHz system. The 40 MHz, three-level correlation spectrometer was used to synthesize 64 ϫ 156.25 kHz frequency channels over a 10 MHz receiver bandwidth. The 64-lag autocorrelation functions were sampled at 0.28 ms intervals and integrated into 512 pulse phase bins synchronously with a Doppler-corrected pulsar period. The beginning of each 60 s integration was time-tagged by using the observatory's master clock and referred to UTC by using signals from the Global Positioning System (GPS) satellites. The accumulated autocorrelation functions were Fourier-transformed to the frequency domain and dedispersed to obtain average pulse profiles suitable for timing analysis.
Observations at 1400 MHz have been made with the 100 m Effelsberg radio telescope. After 1994 November, when the Arecibo telescope became unavailable for pointed observations, the measurements at Effelsberg provided a very important continuity in timing of PSR J0538ϩ2817. The pulsar was observed with the Max-Planck-Institut für Radioastronomie's dual circular polarization 1.4/1.6 GHz receiving system and a 4 ϫ 60 ϫ 0.666 MHz filter bank equipped with a hardware de-disperser. The recently upgraded data acquisition system was used to accumulate the input signal into 1024 pulse phase bins synchronously with the apparent pulsar period. Timetagging of pulse integrations was provided by a hydrogen maser clock calibrated with the GPS signals and a latched microsecond counter. The de-dispersed pulse profiles were integrated for 15 s during the data acquisition. For timing purposes, 2.5 minute integrations were formed in the off-line analysis process.
The topocentric times of arrival (TOAs) of pulses were calculated by cross-correlating the observed integrated profiles with high signal-to-noise ratio templates (Fig. 2) . The topocentric TOAs were converted to the barycentric ones by using the JPL DE200 solar system ephemeris and compared with the predictions of an appropriate timing model. The TOA offsets caused by profile shape changes (Fig. 2) were carefully compensated for at all epochs at which this effect was clearly recognized. Similarly, a constant offset between the Arecibo and Effelsberg TOA measurements was removed from the global fit. A model including astrometric, dispersion, and spin parameters of the pulsar was least-squares fitted to the observed topocentric TOAs by using the timing analysis package TEMPO (Taylor & Weisberg 1989) . The best-fit timing model parameters for PSR J0538ϩ2817 based on the Arecibo and Effelsberg data acquired over a period of 15 months are listed in Table 1 . The rms noise in the corresponding timing residuals shown in Figure 3 is 10.1 ms.
Independent astrometric observations of PSR J0538ϩ2817 were performed in 1994 September with the Very Large Array (VLA) in the B configuration. A continuum map centered at the best pulsar position determined from several pointings with the Effelsberg telescope was made at 1425 MHz with a 50 MHz receiver bandwidth and a synthesized beam size of 6"88 ϫ 4"15. The rms noise in the map was 0.068 mJy beam Ϫ1 . A 3.3 H 0.2 mJy source was detected with the VLA at the pulsar's timing position (Table 1) 1400 MHz flux measurements of the pulsar that were made at Effelsberg.
DISCUSSION
The new pulsar, PSR J0538ϩ2817, lies inside S147, which is an old SNR similar to the Cygnus Loop and the Vela SNR. The remnant is located in the direction of the Galactic anticenter, and its wispy, "smoke ring"-like structure (see van den Bergh 1978) has a diameter of 13Њ. S147 has been extensively studied optically (e.g., Lozinskaya 1976; Kirshner & Arnold 1979) , at UV wavelengths (Phillips, Gondhalekar, & Blades 1981) , at various radio frequencies (e.g., Kundu et al. 1980; Sofue, Fürst, & Hirth 1980; Fürst & Reich 1986) , and in X-rays (Sauvageot, Ballet, & Rothenflug 1990) . These observations indicate that the remnant is in its radiative phase, with a blast-wave velocity of 1100 km s Ϫ1 . Young pulsars with large spin-down energies found inside SNRs can visibly affect the remnants' radio emission. Typically, in contrast with pure shell remnants, a steady supply of energetic particles from the pulsar causes emission from its immediate surroundings that has a flat spectrum and is highly linearly polarized. A number of discrete radio sources have been detected inside S147's shell (Fürst et al. 1982) , but none coincide with the pulsar, and they are most likely of extragalactic origin. Similarly, measurements of polarization and spectral index distribution inside S147 (Fürst & Reich 1986) do not reveal any signatures of the presence of an active pulsar around the position of PSR J0538ϩ2817. Since the spin-down luminosity of the pulsar is relatively low (Table 1) , highsensitivity mapping will be necessary to carry out a conclusive study of a possible interaction of PSR J0538ϩ2817 with the remnant.
Estimates of the distance to S147 are very uncertain and range from 0.8 kpc, as deduced from the interstellar reddening measurements (Fesen, Blair, & Kirshner 1985) , to a distance of 11.6 kpc based on the ⌺-D relationship (Sofue et al. 1980) . Since the interstellar reddening does not significantly increase beyond 0.5 kpc in the anticenter direction (Deutschmann, Davis, & Schild 1976) , the distance quoted by Fesen et al. (1985) is likely to be a lower limit. Similarly, because the ⌺-D relationship is known to be notoriously inaccurate as a distance indicator and the surface brightness of S147 is very low, it is clear that the ⌺-D distance estimates to the remnant are not very reliable. These uncertainties necessarily lead to poor age estimates for S147, which range from 8 ϫ 10 4 to 2 ϫ 10 5 yr (e.g., Kundu et al. 1980 ).
An estimate of the distance to PSR J0538ϩ2817 based on the Galactic electron density distribution model due to Taylor & Cordes (1993) is 11.8 kpc with at least 25% uncertainty, for DM ϭ 39.7 pc cm Ϫ3 . Timing parameters (Table 1) yield an upper limit to the pulsar's age (a spin-down age) of 6 ϫ 10 5 yr. These values are not inconsistent with the approximate upper bounds on the distance and age of S147. Assuming that S147 is in the "radiative snowplow" phase and that the pulsar's spin-down age represents a firm upper limit to the age of the remnant, a corresponding upper limit to its distance is 11.8 kpc, and a lower limit to the transverse pulsar velocity becomes 130 km s Ϫ1 (Shull, Fesen, & Saken 1989, eqs. [7] , [8] ). Since the pulsar is a 13 mJy source at 1400 MHz, a proper motion of Ն4 mas yr Ϫ1 resulting from this velocity should be measurable with interferometric methods. If the supernova explosion that gave rise to the remnant was reasonably symmetric, such a measurement may be useful in providing independent evidence for or against the association of the pulsar with S147, depending on the magnitude and direction of the observed proper motion.
A pulsar-SNR alignment can be conveniently parameterized in terms of the ratio of a pulsar's angular separation from the remnant's center to the angular radius of the remnant (parameter ␤ of Shull et al. 1989 ). For PSR J0538ϩ2817, which is located 140Ј west of the center of S147, well inside its intricate filamentary structure (Fig. 1) , ␤ 2 0.4. Gaensler & Johnston (1995b) argued on statistical grounds that, in any sample of pulsars younger than 110 6 yr, about 10% would be associated by chance with a nearby SNR. It follows that in the group that includes PSR J0538ϩ2817 and 17 pulsars with ages between 10 5 and 2 ϫ 10 5 yr considered by these authors, there should be about two objects randomly associated with neighboring remnants. Since there are five associations in this group for which ␤ Ͻ 2 (PSR J0538ϩ2817 and four associations identified by Gaensler & Johnston) , some of them are likely to be real. Given the small value of ␤ for the S147 pulsar and the fact that the probability of a chance alignment grows as ␤ 2 , this association appears quite plausible. NOTES.-Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Numbers in parentheses are 3 uncertainties referred to the least significant digits quoted. No. 1, 1996 143 MILLISECOND RADIO PULSAR IN SNR S147 L57
The positional coincidence of PSR J0538ϩ2817 with the SNR S147 and an acceptable similarity of distances and ages of these two objects indicate that they may be physically related. As discussed above, compared to a few possible examples of associations of very old remnants with pulsars (Gaensler & Johnston 1995b) , S147 and PSR J0538ϩ2817 present a particularly compelling case. Since S147 lies more than 1 kpc beyond the solar circle, where a disruptive effect of the presence of dense molecular clouds is less likely to be important than it is at Galactocentric distances below 18 kpc (Clemens, Sanders, & Scoville 1988) , it is not surprising that, despite its old age, the remnant continues to exhibit a roughly circular morphology.
The results presented in this Letter provide new evidence that searches for pulsars in and around old, still-identifiable SNRs are important (Shull et al. 1989; Gaensler & Johnston 1995b) . Continuing timing and astrometric measurements of PSR J0538ϩ2817, as well as sensitive radio and high-energy imaging observations of its immediate surroundings, will be necessary to further investigate this interesting new candidate for a pulsar/SNR association.
